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Many, but not all, insects breathe in a discontinuous gas-exchange cycle.
A recent study has evaluated rival hypotheses for the evolution of this
trait, concluding that the most likely is the one invoking minimization
of respiratory water loss.John R.B. Lighton
Drama resides in unexpected
places, and the way insects
breathe is no exception. Rather
than rely on passive diffusion,
many taxa of tracheate
arthropods including insects — the
most numerous animals on the
planet — express an extraordinary
discontinuity in external gas
exchange. It veers from almost
nothing, to normal oxygen uptake
but minimal CO2 output, to a burst
of CO2 and an incoming flood
of oxygen. Meet the tripartite
discontinuous gas-exchange
cycle, or DGC, which has invitedmuch speculation. A recent paper
by White et al. [1] examines the
competing hypotheses to explain
the origins of the DGC, which
are that it evolved to: reduce
respiratory water loss (the hygric
hypothesis [2]); generate
concentration gradients that
allow breathing in underground
environments (the chthonic
hypothesis [3,4]); or reduce
exposure to oxygen (the oxidative
damage hypothesis [5]). To make
sense of the controversy, consider
the story of the DGC (reviewed
in [4,6,7]).
The DGC begins with the
spiracles, the gateways to thetracheal system, tightly closed
(the closed-spiracle or C phase).
Negligible external gas exchange
occurs, so oxygen concentration
within the trachea falls and CO2
concentration rises. At a critical
oxygen concentration of about
4–5% the spiracles start to ‘flutter’
(the F phase begins) and oxygen
enters through the spiracles at
a rate equivalent to mitochondrial
respiration. The primary entry
mechanism is diffusion [7], but
bulk flow down a pressure
gradient, generated by removal
of oxygen from the tracheal
space, may also play a role in
minimizing water loss during the
F phase [6].
This is all well and good. The
mitochondria stoke their fires while
the animal conserves its scarce
water reserves. Yet the
mitochondria also generate CO2.
Some CO2 escapes by diffusion
and is measurable with sensitive
instrumentation, but this amounts
to only about 15–25% of the
insect’s mitochondrial rate of
CO2 production.
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why the insect cannot release CO2
at its mitochondrial production
rate, seeing that it is obtaining
sufficient oxygen. The answer lies
in the difference between the
oxygen and CO2 concentration
gradients across the spiracles.
Tracheal oxygen concentration
holds steady at about 4–5% during
the F phase [4,6,7], generating
a formidable trans-spiracular
concentration gradient of 16–17%
in normal air which contains 21%
oxygen. On the other hand,
tracheal CO2 levels hover around
4% [5], a fourfold weaker
concentration gradient against the
outside air which for present
purposes contains zero CO2. This
handily explains the approximately
four-fold mismatch between CO2
production (by the mitochondria)
and CO2 emission (through the
spiracles) during the F phase.
Thus, CO2 accumulates during the
F phase; the F phase is not
sustainable.
Eventually CO2 accumulation
prevails over the water-conserving
F phase, and the spiracles open
up (the O phase). At this point, by
definition, CO2 has built up to its
maximum tolerable concentration
and it floods down the strong
concentration gradient,
encouraged in larger insects by
active ventilation. With it goes
precious water vapor. If you have
a sensitive enough balance, you
can watch the digits ratchet
downward faster during each
O phase [8]. And oxygen comes
flooding in [5].
This is the oxidative damage
hypothesis’s pivotal weakness.
The F phase allows oxygen to be
regulated at a low, constant level,
but with every cycle the DGC brings
a tsunami of oxygen. Also, insects
such as termites accommodate
obligate symbionts with a known
hypersensitivity to oxygen. If the
oxidative damage hypothesis is
correct, surely termites will boast
champion DGCs? But instead,
they are continuous exchangers
[9], at least in normoxia (what they
do in their hypoxic citadels is
unknown).
The fly in the ointment is that,
although many insects express
a DGC, many others, including
those that you would predict wouldexpress it, such as desert-dwellers,
do not. What to make of this?
Like me, most scientists are happy
to be higher primates preadapted
for no good reason to making
fabulously complicated twigs with
which to fish out delicious and
entertaining nuggets from the
termite mound of consensual
reality. Some nugget collections
form patterns that jibe with
accepted theory, itself a product
of induction based on observation.
The DGC’s role in reducing water
loss is just one of millions of
examples. My early work described
DGCs in some beetles and ants.
Wherever I looked, I found more
examples. Yet I also found some
beetles and ants ignorant of
the literature; they exchanged
respiratory gases continuously [4].
Here’s the thing: Many
successful inhabitants of dry areas
turned out to be continuous
breathers, including workers of
a hyper-xeric ant — yet in this
species the queen, who spends her
early life sealed in an underground
chamber and later always stays
in the nest, expresses the DGC [3].
Looking at published data, it
became evident that insects and
other tracheate arthropods such as
solphugids generally displayed a
DGC if they spent at least some of
their time underground, where
oxygen concentrations were low
and CO2 concentrations high. The
above account of the DGC shows
that it generates spectacular
concentration gradients that
should allow successful oxygen
uptake and CO2 emission, even in
seriously challenging underground
or ‘chthonic’ environments [3,4].
Water conservation is a given.
Any spiracular control regimen will
be evolutionarily selected to
accomplish it, and evidence is
mounting steadily that merely
expressing the DGC confers no
special hygric blessings [10].
White et al.’s [1] study is the
first informed, rigorous and
phylogenetically correct
broad-scale attempt to evaluate
the hygric, oxidative damage and
chthonic hypotheses. Apart from
phylogeny their analysis includes
environmental temperature, water
availability and likely microhabitat
oxygen availability, all tested in
various combinations against DGCduration. Unfortunately the oxygen
availability metric is guesswork,
thanks to an almost complete
lack of relevant microhabitat
measurements in the literature.
Oxygen availability turns out not
to have a significant effect, but
including it in the model causes
only a modest reduction of the
model’s explanatory power. Thus,
the chthonic and oxidative damage
hypotheses are on the ropes but
by no means out of the game.
New measurements might energize
either, and White and his
collaborators have provided an
excellent broad-scale analytical
framework for future work. The
caveat is that intercomparing
DGCers, as they did, may not be
as enlightening as comparing
DGCers with non-DGCers.
Experimental manipulation
continues to be important, because
broad-scale approaches [1] usually
address what is now the case,
not the mechanistic basis
underlying how that came to be.
Given that all of the insects in the
study expressed the DGC, it is
not surprising that the DGC
was strongly affected by
habitat-temperature and water
availability, thus favoring the hygric
hypothesis. But what were the
selective pressures behind the
evolution of the DGC in these
groups in the first place, versus
those groups that did not evolve
this dramatic way of breathing, or
have lost it secondarily? This
question is at the heart of the
controversy, and remains
tantalizingly unresolved.
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